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ABSTRACT
Turbulent interchange rates between two adjacent triangular
subchannels were measured for single phase air, single phase water
and two-phase air-water flows. The subchannels were physically
separated, except in the mixing section, by a O.OO6 inch stainless
steel strip. Initially a 9 inch and then an I8 inch by 0.04 inch
wide slot were cut into the stainless steel strip. Methane was
employed as the air tracer and potassium nitrate (KIIO^ ) as the
water tracer. A gas chromatograph and an atomic absorption unit
were used for gas and liquid analyses respectively.
Single phase air turbulent interchange rates were determined
at a system pressure of 50 psia over the Reynolds number range of 
3 55x10 to 8x10 . The pressure drop over the length of the test 
section was also recorded. Single phase water turbulent inter­
change rates were determined at a system pressure close to atmospheric
3 3over the Reynolds number range of 2x10 to 5*7x10 . Negligible 
entrance effects were observed in the single phase turbulent inter­
change rates for slot lengths of 57 and 115 equivalent diameters.
Two-phase air-water turbulent interchange rates were determined
at a system pressure of 50 psia over a mass flux range of 1x10^
5 2to 7x10 Ibm/hr.ft and a quality* range of .1 to .7* The two- 
phase pressure drop was also recorded. The percentage of air and 
water mixing increased as the quality and mass flux decreased.
*Ouality is defined here as the ratio of air mass flow rate to the 
total air and water mass flow rates.
Ill
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The highest mixing rates were observed in the slug-annular transition 
region. Here the pulsing action of liquid bridges and high amplitude 
roll waves are thought to account for the high mixing rates. Two- 
phase entrance effects were found to be significant for slot lengths 
greater than 57 equivalent diameters.
IV
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I INTRODUCTION
Most nuclear power reactor fuel rod bundles consist of a parallel 
matrix of rods forming interconnected subchannels* as shown in 
Figure 1.1. The problem of predicting critical heat flux in order 
to design reactors of higher thermal efficiency has necessitated 
the determination of the effects which account for the interchange 
or mixing of coolant between the bundle subchannels. With the 
advent of boiling water reactors the study of coolant mixing has 
expanded to include two-phase liquid-vapor systems.
This study was concerned with the measurement of turbulent 
interchange rates between two adjacent flow channels in the absence 
of diversion cross-flow and any forced mixing effects. Two parallel 
triangular subchannels 80 inches long were machined out of acrylic 
(see Figure 1.2). The subchannels were physically separated, except 
in the mixing section, by a 0.006 inch stainless steel strip.
Initially a 9 inch long and then an l8 inch by 0.04 inch wide slot 
were cut into the stainless steel strip. Single-phase air, single­
phase water and two-phase air-water were employed as the test fluids. 
Turbulent interchange rates were measured at an operating pressure 
of 50 psia at the mid-point of the interchange region. For the 
single-phase systems a Reynolds number range of 2,000 to 90,000
was covered while for the two-phase system, the total mass flux
5 5 2was varied from 1x10 to 7x10 Ibm/hr.ft and the quality ranged
from .1 to .7. The two-phase flow regimes studied extended from
^Subchannel is defined here as the flow area formed by drawing a 
line between rod centres of a fuel rod bundle heat exchanger.
See Figure 1.2.
1.
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Typical fuel rod bundle matrix
\ —
\ /
Triangular subchannel array
Figure 1.1. Reactor Fuel Rod Bundle Subchannels
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DETAIL OF FLOW CHANNELS 
( s c a l e  : 5 X )
(^9
CROSS SECTIONAL VIEW 
( scale : f u l l  s iz e )
Figure 1.2. Detail of Fuel Channels
STAINLESS STEEL 
DIVIDING STRIP
SUBCHANNEL DIMENSIONS
c/s AREA 3 -6 50  x 
WETTED PERIMETER I I 16x10 "ft. 
EQUIVALENT HYDRAULIC 
DIAMETER 1-308 x lO" ft.
PITCH TO DIAMETER RATIO 1-05
%6 'O'-RING GROOVE 
a " ' o ' - RING GROOVES
006"x2 5" STAINLESS 
STEEL CHANNEL 
DIVIDING STRIP
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the slug-annular transition up to annular flows with significant 
entrainment (mist flow). Axial pressure drop data were obtained 
for both single-phase air and two-phase air-water systems.
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II. LITERATURE SURVEY
A. Introduction and Definition of Terms
Rogers and Todreas (l) have proposed four mixing processes 
which are categorized depending on whether the mixing is natural or 
forced and directional or nondirectional. The following is a "brief 
description of these processes.
1. Natural Mixing Effects
These include processes which operate in the absence of 
protuberances in the rod bundles, i.e., a bundle of smooth, bare 
rods.
a . Turbulent interchange results from natural eddy diffusion 
between subchannels. Turbulent interchange is usually measured 
by injection of tracers. This results in the measurement of the 
eddy diffusivity of mass, , which in general is not the same 
as the eddy diffusivity of heat, e^. Fortunately, it has been 
found that there is no significant difference between and e^ 
(1,2,3).
b. Diversion cross-flow is the directed flow caused by radial 
pressure gradients between adjacent subchannels. These gradients 
may be induced by gross differences between the subchannel heat-flux 
distributions and differences in subchannel equivalent diameters or 
local geometry.
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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2. Forced Mixing Effects
These include effects induced by the presence of pin spacers 
or grids in the flow channel.
a. Flow scattering refers to the nondirectional mixing effects 
associated with axial or circumferential fins, wart-type spacers, 
grid spacers, and end plates, which break up streamlines and induce 
turbulence, but do not favor a single direction.
b. Flow sweeping is directional and refers to the cross-flow 
effects associated with wire wrap spacers, helical fins, contoured 
grids, and mixing vanes which give a net cross-flow in a preferred 
direction.
B. Single Channel Experiments
Eddy diffusivities have been measured experimentally by injection 
of a tracer (or heat) from a point source in a moving fluid stream 
and measuring the subsequent concentration (or temperature) profiles 
downstream (^-T). By replacement of the thermal diffusivity with 
the concept of an eddy diffusivity in Wilson's (8) integrated 
Fourier equation, the concentration (or temperature) profiles were 
analyzed to give the eddy diffusivities.
An alternate approach of determining eddy diffusivities involved 
the measurement of the water-vapor gradient across a turbulent gas 
stream in a wetted-wall column. By determining the rate of vaporiza­
tion, values of the eddy diffusivities were calculated for the central 
turbulent portion of the gas stream (9,10).
St. Pierre (ll) has correlated most of the available data which
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
are plotted as the inverse of the Peclet number, tl/, versus the 
Reynolds number. The inverse of Peclet number represents the 
ratio of the turbulent conductive heat (mass) transfer to the 
bulk heat (mass) transfer.
C. Multi-Channel (Rod Bundle) Experiments
Experiments to determine total flow redistribution from all 
mixing effects have been carried out in multirod bundles. A tracer 
was injected in one subchannel and downstream concentrations were 
measured in adjacent subchannels to determine the turbulent mixing 
rate. Mixing coefficients were determined from a tracer mass balance.
. Rogers (l2) has proposed the following single phase mixing 
correlation based on rod bundle mixing data. Taking an energy 
balance between the heat transport rate by the postulated mixing 
flow and the transverse heat transport by eddy diffusivity between 
any two subchannels, i and j.
The average temperature gradient may be approximated by
where Z.. is an intersubchannel distance. Using this approximation 
Equation (2.l) may be simplified to give the basic equation for 
mixing flow rate:
^ij ^ Ê (2.3)
ij
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Analogous forms of this equation, differing only in definition of 
intersubchannel distance, have been proposed by St. Pierre (ll), 
Bowring (13) and Rowe and Angle (ik).
St. Pierre __
t 1
^ 1/2 (R +R )
® ’i
Bowring
Rowe and Angle
«iJ = - V -  (2-G)
Rogers (l2) has postulated the is a function of b/d and 
was able to correlate existing data (see Table II, reference (12)) 
using this type of formulation for .05<b/d<.5. This postulated 
dependence on b/d was found to yield nearly constant mixing rates 
over the range of b/d since increased as b/d decreased. Vfhereas 
this correlation may adequately predict mixing over a limited range 
of b/d it is obvious that if is also a function of b/d then 
single channel diffusivities cannot be applied to multi-subchannel 
mixing predictions. St. Pierre's (ll) correlation appears to 
contradict the above since it uses single channel diffusivities 
to predict multi-subchannel mixing.
D. Two Subchannel Experiments
At present limited data have been obtained for single phase
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
turbulent interchange between two adjacent subchannels. Table 2.1 
lists the available data sources.
Table 2.1
Description of Data Available on Tifo Subchannel Experiments
Source and 
ref. no.
Geometrical
description b/d
Mass flux _ 
(ibm/hr.ft ) Fluid
Experimental
technique
Singleton (l6) square fillers .1)53
.81)0
.31)2-1.83x10^
c
water dye injection
round fillers .207
.liOO
.91)5-1.07x10
c
water dye injection
Rove and Angle 
(14, IT)
square-triangle* .0355
.11)9
1.0-3.0x10
.950-2.90x10^
water enthalpy balance
square-square* .11)2
.150
.156
water LiOH, DgO 
TgO tracers
Petrunik (l5) rectangle-
rectangle
.320
.800
0.2-2.0x10^ water KNOg tracer
.320
.800
0.1-1.0x10^ air CHj^  tracer
Retsroni 
et al (21)
square-square* .25 1.53-2.22x10* water enthalpy balance
^simulated rod bundle arrays
Petrunik (15) and Rove and Angle ( 1^ 1,17) have found the mixing 
rate to be dependent on gap width (rod spacing). Singleton (l6) 
found the mixing rate increase to' be approximately l.U times the 
ratio of the gap widths for the square fillers and approximately 
proportional to the ratio of gap widths for the round fillers.
Rowe and Angle (iT) have found that mixing for the square-square
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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array was less than for the square-triangular array. Hence mixing 
decreased as the centroidal distance between subchannels increased. 
This observation has been supported by the work of Hetsroni et al 
(21), (see Appendix I) and the theoretical work of Lowe (22).
The data presently available is insufficient to predict single­
phase turbulent interchange rates for all types subchannel geometries. 
Hence, further experimentation is needed in this area.
E. Single Phase Turbulent Mixing Correlations
1. St. Pierre Correlation (ll)
St. Pierre has proposed a correlation for turbulent interchange
rates based on values of turbulent diffusivities obtained from single
channel experiments. With the availability of more data at lower
Reynolds numbers St. Pierre (18) has tentatively modified the
correlation for ip for N <5000.
k g‘
= 2^ (2 .7) 
where ip = l6/N^^ N^^<5000
and >  = 0.0205 5000<Np^<200,000.
2. Bowring Correlation (13)
Bowring has used the following equation, in a subchannel code 
HAMBO to predict single phase turbulent interchange.
,,t F , n/fh+f,
(2 .8)
m 1 j
If the subchannels are identical then equation (2.8) can be rearranged 
to give:
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11.
Me. = ^  (2.9)
For a triangular-triangular array:
%  = 0.39 (reference (l3))
Rn = 1.117*
and
f = o.9>*
3. Rogers and Tarasuk Correlation (l2)
From multi-channel experiments Rogers and Tarasuk have developed 
the following equation for turbulent interchange.
»st ' r  (!) M R / " 1+
2-n
D
Dg .
(2.10)
’1
Rogers (19) has tentatively proposed the following values for the 
constants kg, m, n and aij.
Kg = 0.001)0 
m = 0.90 
n = 0.20 
aij = 0.577
!). Rowe and Angle Correlation (lk,17)
The Rowe and Angle correlation was developed by finding a value 
of the equivalent Stanton number which most closely matched their
*Values used here are obtained from a fit of the experimental data 
obtained in this study.
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experimental data.
12.
fy
where K = 0.0062 triangular-square array
K = 0.0036
n = .2
square-square array (value used 
in comparison of models in this 
report)
Z^j= b (gap width)
5. Moyer Correlation (20)
Moyer has proposed the following correlation for turbulent 
mixing
”st = I f  y  (2-12)
Ij
where Z.. = centroidal distance between subchannels 
ij
f is defined as in equation (2.9).
F. Two-Phase Turbulent Interchange Data
Rowe and Angle (iH, 17) have obtained experimental data on 
two-phase steam-water turbulent interchange at elevated pressures 
in square-triangular and square-square arrays. Their results 
showed that a maximum value of mixing was reached at low qualities 
and that mixing was strongly affected by rod spacing during boiling.
The ratio of steam to water mixing was found to be about the same 
as that occurring in the bulk flow.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
1 3 .
Petrunik (15) measured two-phase air-vater turbulent interchange 
rates at 50 psia between two adjacent rectangular subchannels.
The two-phase percentage interchange rate* was found to increase 
with decreasing quality and decreasing mass flux. It was postulated 
that the increased mixing was related to the slug-annular transition 
and the effect of high amplitude roll waves. The percentage water 
mixing rate was found to be always greater than that for air.
*The interchange rate is expressed as a percentage of subchannel mass 
flow rate.
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Ill THEORY
A. Derivation of Mixing Equations
Consider the turbulent flow of a fluid in two identical, 
adjacent subchannels. Both subchannels are connected by a slot, 
of width "b" and length "L", through which the turbulent transfer 
of liquid takes place. In one subchannel a tracer is injected 
upstream of the mixing zone. The amount of liquid transferred 
from one subchannel to another is determined employing a mass 
balance using measured tracer exit concentrations in each subchannel.
1. Basic Assumptions
The following basic assumptions are made in this analysis:
(i) The total mass flow rate is the same in each subchannel.
(i.e., liquid plus tracer).
(ii) Subchannel axial pressure gradients are identical, thus 
eliminating radial pressure gradients and any net transfer of 
fluid from one subchannel to another.
(iii) Tracer concentrations are small hence the tracer has negligible 
effect on physical properties.
(iv) The fluid leaving one subchannel has the average properties 
(tracer concentration) of that channel.
(v) After fluid has left the donor subchannel it mixes immediately
in the receiving subchannel.
(vi) There is no relative velocity between fluid and tracer.
2. Simple Mixing Model
A mass balance on the tracer over the entire mixing length L
lit.
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for subchannel 1 results in Equation 3.1 (see Figure 3.l).
1 5 .
W'
W,2.1 W.1.2
W,
C' = exit concentration
I■bin tracer\ .bm fluid )
C = inlet concentration
ibm tracer \ 
fluid I
fl-b
uLbm
W = subchannel mass flow rate
(ibm/hr)
= mixing rate (ibm/hr) 
L = slot length (ft)
Figure 3.1. Mixing Flow Diagram 
t
*iCl + *2.1 (3.1)
For tracer injection in subchannel 1, equals zero. Noting that
W =W =V7'=W'=W and W* Equation 3.1 reduces to:JL # ^ ^ * _L
W(C^-Cj^) = ^  (Cj+C^-C^) (3.2)
An overall tracer balance for the mixing length L, results in
Cl = Cj+C^ (3.3)
From Equation (3.3) and (3.2) we obtain
WC^ = ~  (C^ + - c p
which reduces to
(3.h)
(3.5)
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As long as Cj »  or % Cj, employing the arithmetic mean for 
subchannel tracer concentration will not cause significant error.
3. Differential Mixing Model
It is convenient here to define relative tracer concentrations :
= = sc that C*^+C| = 1 (3.6)
A tracer balance over a differential mixing length dx, for subchannel
two gives :
Wf 2 C* Wt C|
WgC% + ' ■ dx = ----j.--- ■ dx + Wg(C* + dC|) (3.7)
This reduces to
(3.8)
Since C* + C| = 1 Equation (3.8) becomes
dC* »t
dx " WL ^ (3.9)
Rearranging and incorporating the appropriate boundary conditions
L
1-2C* “ VL ^  ^  (3.10)
o o
Integration yields
" 2 (d-2C|') = ÿ- (3.11)
Cg'
Since -r (3.12)
Equation (3.11) becomes
2Cp'
(3.13)= - I  In
g
1 - C^’+Cg’
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IT .
Comparing Equations (3.5) and (3.13) and defining the relative 
error to he the difference of the mixings rates obtained using 
Equations (3.5) and (3.13) divided hy that obtained using Equation
(3.13) the following expression is obtained.
2 Cg'
Relative error = 1 + -------,----i------ , (3.1^0
This error is less than for C*' less than 0.1.
B. Identification of Flow Regimes
The two-phase air-water results obtained here extended from 
the slug-annular transition to annular flow with high entrainment 
(mist flow). Therefore, the ability to predict the transition 
from slug to annular flow is of importance. Wallis and Collier 
(23) presented a comprehensive discussion of available methods 
which are predominantly empirical.
(b) Annular (c) Annular mist
Figure 3.2. Flow Regime Diagrams 
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Griffith and Haberstrah(2l;), and Brenner (25) used an electrical 
conductance probe to determine the onset of liquid bridging across 
the flow cross-section. Liquid bridges are detected by differences 
in resistances for liquid and gas between the probe and the wall 
of the test section. This method of defining transition is rather 
arbitrary since a rather broad region exists in which slugs become 
few and far between but do not disappear altogether. The transition 
was correlated by the dimensionless parameters:
j* = 0.9 + 0.6 j* (j* < 1 ) (3.15)
p  ^ 1/2
J. = (7+0.06 ( ^ )  ] ( ^ )  n  (J| > 1) (3.16)
w
where j* = p [gD^(p^-p (3.17)
W
_0
'g A • g e '% ' g-
= the dimensionless gas velocity
and (3.18)
= the dimensionless liquid velocity 
Entrainment measurements(23) using a collection type probe 
were made to detect liquid bridges and entrained droplets. By 
plotting percentage entrainment versus j* for various values of 
j* and extrapolating the slug flow portion to the abscissa it is 
possible to define a lower critical gas velocity at which the slug- 
amular transition occurs. The transition line is correlated by 
the eauation
J* = 0.1* + 0.6 j* (3.19)
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which is significantly below the electrical probe transition.
An attempt was made by Govier et al(26) (27) (28) to correlate 
regime boundaries and pressure drop maxima and minima. The predictions 
using this method are not very accurate since some of the maxima 
and minima are relatively flat. However, the order of magnitude 
predicted is correct, showing that pressure drop behavior is quite 
closely related to transitions in flow regime.
The only non-empirical method for predicting the annular-slug 
transition is one based on void fraction prediction. This method 
has perhaps the most meaning from an engineering standpoint since 
it considers the point where slug void fraction theory must be 
replaced by annular void fraction theory (23). This occurs at a 
value of a = 0.8 and gives rise to the equation
j* = 0.33 + 0.75 j* . (3.20)
This equation agrees closely with equation (3.19) which was obtained 
from the entrainment probe results.
Equation (3.19) is probably the best for giving a working 
estimate of when the influence of slugs on the overall fluid mechanics 
is negligible. The region between equation (3.19) and equations 
(3.15) and (3.16) may be interpreted as a region of "slug-annular" 
flow in which a rather gradual transition behavior occurs.
At present no universal equation exists for predicting entrainment. 
From available experimental evidence (23) the range of conditions 
for which annular flow, with no entrainment, exists is very small. 
Steen's (29) criteria for the onset of entrainment does not agree
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particularly veil with the above experimental evidence. Up to
30^ entrainment was experienced before Steen's criteria was fulfilled.
Gas velocities of j* = 2 to 22 were used in the work described by
this author and it is expected that entrainment occurred over the
full range of conditions explored. Entrainment at the upper range
of j* is expected to be large and approaching mist flow.
S
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IV AIR-WATER TEST LOOP AND ASSOCIATED EQUIPMENT
A. Experimental Equipment
1. Air-Water Test Loop
The air-water test loop and associated equipment used in this 
study were located in building H56 of the Advance Engineering 
Branch at Chalk River Nuclear Laboratories. The loop was designed 
and built specifically for this mixing experiment. The major loop 
components consisted of a regulated 100 psig air supply, a 65 psig 
water supply, a rotameter measuring system, a test section assembly 
and two cyclone separators. The loop is diagrammed schematically 
in Figure h.la. and shovm photographically in Figure if.lb.
Air from a 100 psig plant air service line was filtered, split 
into two separate streams and metered separately with matched banks 
of two rotameters. Water,was supplied, for the majority of the 
test runs, from a filtered 65 psig water service line. For the 
high mass flux and high quality runs, when an increased inlet 
pressure was required, water was supplied by a Durco (Model HTRDRi*) 
centrifugal pump which could provide 100 IGFM at a head of lOT 
psia. The water supply was split also into two separate streams 
and metered by two matched banks of two rotameters.
In each of the exit lines for the subchannels were two valves 
in parallel which permitted fine and coarse control of subchannel 
downstream resistances. After the valves were cyclone separators, 
with a capacity of 125 Ibm/hr. air and 390 Ibm/hr. water,which were 
used to separate the air from water for each subchannel. Air and
21.
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Figure k.lb. Test Section, Control Panel and Associated Equipment
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water samples were taken directly from each separator. The air 
was vented to the atmosphere and the water was discharged into a 
drain.
2. Test Section Assembly
The test section assembly consisted of 6 separate units: 
I-entrance section, Il-water injection section, Ill-separated sub­
channels, IV-mixing section, V-separated subchannels, Vl-exit section 
(see Figure ii.2). Sections I and VI, and sections II-V were identical 
in construction. All units were constructed of acrylic to allow 
visual identification of flow regimes. The various units were 
butted together using 0.005 inch thick natural rubber gaskets hand 
cut to fit the cross-sectional area. A 0.006 inch thick stainless 
steel dividing strip passed through the centre of all the sections 
providing a physical barrier between the subchannels except in 
the mixing section where a 0.040 inch wide slot was machined to 
allow mixing.
a) Entrance Section
The 8-l/U inch entrance section was constructed to facilitate 
the entrance of the air stream from a flexible hose to a triangular 
subchannel configuration (see Figure b.3).
b) Water Injection Section
A 20 inch water injection section utilized one or two sets of 
two, l/l6-inch diameter holes to inject water into the triangular 
subchannels. The number of injection holes used was determined 
by the size of the water flow rate required. This section also 
served to initiate the development of the velocity and void profiles.
2 5 4 4 6 i ;
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c) Separated Subchannels Section
This 20 inch section provided an additional 127 equivalent 
diameters of axial length for flow development before the streams 
passed into the mixing section.
d) Mixing Section
The 20 inch mixing section contained the segment of the stainless 
steel dividing strip with the 0.0^0 wide mixing slot. Two slot 
lengths of 9 inches and l8 inches were used in this study (see 
Figure H.ij).
e) Separated Subchannel Section
After the mixing section a 20 inch separated subchannels chimney 
was used to check radial pressures do™stream of the slot.
f) Exit Section
The 8-l/i+ inch exit section allowed the transition of flow 
from the triangular subchannel cross-section to 1/2 inch copper 
tubing. The diameter of the circular flow channel was 1/Î* inch.
B. Measurement of Experimental Variables
1. Pressure Measurements
Five sets of static pressure taps were used to measure the radial 
pressure gradients which could cause cross-flow. Two l/l6-inch 
diameter holes comprised each pressure tap set. Each pressure tap 
set was connected to an accumulator and then to an inclined manometer 
graduated in hundredths of an inch of water. The location of the 
pressure taps is given in Figure H.5.
The axial static pressure drop was measured using pressure
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gauges for the high ranges and a vertical mercury manometer for the 
low ranges. These devices were connected in the same manner as 
the inclined manometers.
The static pressure at the mixing slot was measured using a 
0-125 psig Heise pressure gauge calibrated in 0.5 psi increments.
The static pressure was maintained at 50 psia at the mid-point 
of the mixing region by means of manual valves located in the 
lines between the exit section and the cyclone separators.
2. Flow Measurements
(a) Air Flows
Air flow rates to each subchannel were controlled manually 
over the range 10-125 Ibm/hr. Two rotameters were used to meter 
the flow for each subchannel. The rotameters were calibrated for 
±l.f5 of full scale for two ranges as listed in Table L.l. Temperature 
and pressure corrections were made when necessary.
Table *1.1 
Air Botameter - Flow Range
Maximum Flow Rate 6 
50 psia and 80°F, Ibm/hr. 
- ^Low Ranpe
[High Range _ 115
(b) Water Flows
Water flow rates to each subchannel were controlled manually 
over the range 10-390 Ibm/hr. Two rotameters were used to meter 
the flow. The rotameters were calibrated for ±lp of full scale 
for the ranges listed in Table h.2. Temperature corrections were 
made as necessary.
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Table h.2 
Water Rotameter - Flow Range
Maximum Flow Rate @
50 psia and 80^F, Ibm/hr.
Low Range 72
High Range 390
3. Temperature
The temperature of both air and water streams was measured 
using direct reading bimetallic thermometers in the flow lines 
immediately before the rotameters.
*i. Tracer Concentrations
(a) Methane Analysis
The methane tracer was supplied from gas cylinders (Matheson 
technical grade). Samples of air were taken in specially constructed 
sample vials and injected into a Varian Aerograph Model I8OO gas 
phase chromatograph with Porapak S column and a hydrogen flame 
detector. The instrument was calibrated daily 'and analyses were 
reproducible to ±1 .^
(b) Potassium Nitrate Analysis
Potassium nitrate (Anacheraia purified) was dissolved in water 
to make up the tracer solution. The tracer solution was forced 
into the system by air at 100 psig over the potassium nitrate 
reservoir.
Potassium concentrations were measured using a Perkin Elmer 
290 B atomic absorption analyzer with a hollow cathode potassium 
lamp. The atomic absorption analyzer was calibrated before each 
analysis over the working concentration range of zero to ten parts
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per million. Samples were diluted to within this working range. 
Analyses were reproducible to ±1.5^«
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
V EXPERIMENTAL PROCEDURE
Both channels were balanced to remove any radial pressure 
differences using the downstream restriction valves. The channels 
were balanced to ±*t/10 inches water for single phase air and two- 
phase air-water. No radial pressures measurements were attempted 
for balancing the single phase water runs. Instead, rotameters 
were used to measure the exit flows and the restriction valves 
were adjusted to give equal flow rates. For all experimental runs 
the tracers were injected alternately in each channel. If the 
measured mixing rates agreed within 10% then crossflow effects 
were assumed to be absent.
The range of experimental parameters used here is shown in 
Tables 5.1, 5-2 and 5.3.
In order to insure a homogeneous mixture of tracer in the 
subchannel, both the methane and potassium nitrate solution were 
injected upstream of the rotameters.
33.
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Table 5.1 
Single Phase Air Parameter Range
3*1,
Pressure at middle of slot 50 Psia
Mixing slot [Slot width, inches 
details Slot length, inches 
Reynolds number, N
Mass flux per subchannel,G,Ibm/hr.ft
.o4o ' .oHo 
9 : 18 
5,000-800,000
16,000-270,000
Table 5.2 
Single Phase Water Parameter Range
_Pressure at middle of slot 
Mixing slot 
details
'Reynolds number’, N,
Slot width, inches 
Slot length, inches
Re
Mass flux per subchannel,G,Ibm/hr.ft^
1*k 7 Psia_
" .04o' .
9  1 .  i s
2,000-5,700___
380,000-1,070,000
Table 5.3 
Two-Phase Air-Water Parameter Range
Pressure at middle of slot 50 Psia
Mixing slot' Slot width, inches 
details [ Slot length, inches ^
.0*10 .0*10
9 18
Mass flux per subchannel,G,Ibm/hr.ft 100,000-700,000
Quality 0.1 ,0.2,0 3,0.5,0.7
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VI. RESULTS AND DISCUSSION
Turbulent mixing rates between two adjacent triangular sub­
channels are reported for single phase air, single phase water 
and two-phase air-water mixtures.
A. Single Phase Data
All the single phase mixing results have been correlated by 
means of an equivalent Stanton number. For heat transfer the 
Stanton number is defined as:
N
^ _ h _ Nu _ heat actually transferred
St C^G N^^ total heat capacity of fluid
For mass transfer an equivalent Stanton number can be defined as:
K
V _ pk' _ Sh  _ actual mass flux
St G Ng N„ total mass fluxRe Sc
where
TT _ _ total heat transfer , ,
Nu k " conductive heat transfer "
= Reynolds number
■'W =
-Sh ' f - " - = ^
» s . =
All the single phase turbulent interchange data are plotted logarith­
mically in Figure 6.1 as Ng^ versus N^^. Single phase air data and
35.
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single phase water data obtained in this study are tabulated in 
Tables (lll.l) and (ill.2) respectively in Appendix III.
Bennett and Myers (3l) have stated that the development of 
temperature and velocity profiles in pipes may have a significant 
effect on heat transfer coefficients for L/D^<60. Here the flow 
pattern in each subchannel was allowed to develop over 127 equivalent 
diameters before reaching the mixing slot. Petrunik (l5) has 
shown that for mixing between two parallel rectangular subchannels 
that entrance effects for the development of the concentration 
profile between channels in the mixing region was significant 
for L/D^<13. The mixing lengths used here had L/D^ equal to 57 
and 115. These lengths are considered to be sufficient to minimize 
entrance effects.
The air and water data formed a continuous curve as shown 
in Figure 6.1. This suggests that tracer transfer by molecular 
diffusion was negligible compared to that by eddy diffusion.
The work of Petrunik (15) showed similar results for his single 
phase air and water data. Since no mixing data between two 
subchannels in a triangle-triangle array were available in the 
open literature the results of this study could not be directly 
compared. However the experimental mixing results of Hetsroni 
et al (21) for a square-square array have been reanalyzed for 
comparison purposes (see Appendix I). Their equivalent Stanton 
numbers were consistently lower than those found in this study 
at a given Reynolds number. The centroidal distance between sub­
channels for this study is less than that used by Hetsroni et al.
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Hence, the lower values of the Stanton numbers with increased 
centroidal distance is consistent with the results of Rowe and 
Angle (lU).
Values of the experimental and predicted Stanton number for 
single phase air and water are tabulated in Tables (iV.l) and 
(IV.2) of Appendix IV for various mixing models. The models have 
been graphically compared with the data in Figures 6.2, 6.3 and 
6.h. Of the available models for predicting mixing St. Pierre's 
(ll) correlation gives the best results. The success of this 
model is attributed to the recognition of an apparent transition 
at a Reynolds number of 5000. The poor disagreement of Roger's 
(19) correlation with the data may be due to use at a gap to rod 
diameter ratio outside of the range for which this correlation 
was developed. In addition no data on two triangle-triangle 
subchannels were available at the time Roger's model was developed. 
Moyer's correlation (20) exhibited a large negative deviation which 
is probably due to a lack of empirical coefficients to fit his 
correlation to experimental data.
Single phase friction factors have been calculated (see 
Appendix III, Table III.l) from the experimental data and graphically 
compared to the theoretical predictions of Deissler et al (32, 33). 
The experimental results compare very favorably with the theoretical 
prediction. A fit of the experimental results gives the following 
equation for the friction factor: (see Figure 6.5).
f = .94 (6.1)
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B. Two-Phase Data
Two-phase air-water turbulent mixing rates were studied using 
mixing slots 40 mils wide by 9 and l8 inches long. The mixing 
rates for air and water were determined simultaneously using methane 
and KNO^ respectively as tracers. The data are tabulated in Tables 
V. 1 and V.2 of Appendix V and graphically presented in Figures
6.6-6.17-
1. The Effect of Quality and Mass Flux on Two-Phase Mixing Rates 
In the following discussion, mixing rates* for the 9 and l8 
inch slots are discussed together since they both exhibited similar 
trends. At a given mass flux, the air mixing rates remained essentially 
constant for quality varied between .2 and .7 as shown in Figures 
6.6 and 6.12. The percentage air mixing rates** for a given 
mass flux were found to decrease exponentially for increasing quality 
as shown in Figures 6.7 and 6.13.
Both the mixing rate (see Figures 6.6 and 6.12) and the 
percentage mixing (Figures 6.8 and 6.l4) for water decreased 
exponentially with increasing quality.
A plot of mixing rates versus mass flux for qualities of .2 
to .7 (see Figures 6.9 and 6.15) showed that the air mixing rates 
remained essentially constant while the water mixing rates increased 
proportionally with mass flux.
*The mixing rate is defined here as the mass of liquid (or gas) 
transferred per hour per foot of mixing slot.
**The percentage mixing rate is defined here as the mass of liquid 
(or gas) transferred as a percentage of the total mass of liquid 
(or gas) flowing in one subchannel per unit length of mixing slot.
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A plot of percentage mixing versus mass flux for qualities of 
.2 to .7 showed that both air (see Figures 6.10 and 6.l6) and water 
percentage mixing (see Figures 6.11 and,6.17) decreased rapidly 
with increasing mass flux.
The highest mixing rates were observed in a region of low
quality and low mass flux. This combination of conditions represents
a transitional region between slug flow and annular flow. The
high mixing rates experienced in this region are thought to be
caused by the pulsing action of liquid bridges passing up the
subchannels and by high amplitude roll waves. Similar mixing
phenomenon were observed by Petrunik (l5) and Rowe and Angle (l%).
The regime boundaries have been plotted as a function of the
dimensionless gas and liquid velocities j* and j* respectively
S ^
in Figure 6.l8. The segmentary line indicates the region where 
the last traces of pulsing were observed.
2. Comparison of Two-phase and Single Phase Mixing Data
A comparison of two-phase and single phase air percentage 
mixing indicated that for a fixed air mass flow rate the percentage 
mixing was always greater under two-phase flow conditions. The 
greatest increase in the percentage mixing for the two-phase flowing 
system occurred at low air mass flow rates and low qualities. A 
comparison of two-phase and single phase water percentage mixing 
is limited since for single phase water flow rates less than 138 
Ibm/hr there was onset of laminar flow. The available data indicated 
that for a mass flow rate of water between 138 and 230 Ibm/hr and
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for qualities between 0.1 to 0.3 the two-phase water percentage 
mixing was always greater than that under single phase flow 
conditions. The maximum increase occurred at low qualities and 
low water flow rates.
In summary, over the range of data obtained, the presence of 
a second phase caused the percentage mixing rates for both air and 
water to be greater than those which would have existed under single 
phase flow conditions at the same total mass flow rate. The 
greatest increase occurred in both cases at low mass flow rates 
and low qualities. This combination of quality and mass flow 
rates lies in the slug-annular transition region. Here the presence 
of high amplitude roll waves and liquid bridges is thought to be 
responsible for the higher percentage mixing.
Since the percentage mixing for two-phase air is equal to 
or greater than single phase percentage mixing over the range of 
available data the resistance to air interchange between channels 
caused by the presence of a liquid film is believed to be small 
compared to the increased turbulent eddy transport. This was 
confirmed by an analysis of Petrunik's (15) data and the observations 
of Rowe and Angle (l.H).
3. Comparison of Theoretical Pressure Drop Models with Experimental
Da±a
The expérimenta], pressure drop measurements are compared with 
the Owens (3^) and the Martinelli-Lockhart (35) pressure drop models. 
All data are tabulated in Tables VI.1 and VI.2 of Appendix VI.
The experimental data are compared to the Martinelli-Lockhart
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
59-
model in Figure 6.19. The majority of the predicted pressure drop 
gradients fall within +50^ and -to/J of the experimental data.
The Owens homogeneous model predicted pressure drop gradients within 
-2^% of the experimental data. It is believed that the better 
agreement of the homogeneous model with the measured two-phase 
pressure drop gradients is a result of the high degree of 
entrainment in the two-phase flow system which more closely 
approximated a homogeneous flow.
L. Observed Radial Pressure Instability
Radial pressure differences in the adjacent subchannels for 
two-phase flow were found to be extremely sensitive to changes in 
downstream flow resistances over almost the complete range of 
parameters studied. In order to maintain conditions of little or 
no radial pressure differential at the mixing slot, constant control 
of downstream flow resistances was required. No particular control 
problems were noted for the single phase air system. However, the 
single phase water system required metering of both entrance and 
exit flow streams in order to avoid the complete water mass flow 
rate, for both subchannels, from flowing out of one of the sub­
channels. This phenomenon occurred when no back pressure was present 
in each subchannel and the preference for total flow to exit 
through one subchannel or the other was random. This single phase 
phenomenon is believed to be related to surface effects.
This may also be important in some types of two-phase flow instability 
analysis.
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5. The Effects of Mixing Slot Length on Tv/o-Phase Mixing Rates 
Before the start of the mixing region there is a formation of 
a liquid film on the dividing strip between subchannels. In 
addition the velocity and phase distributions in each partitioned 
subchannel should be fully developed at an L/D^ equal to 127.
Tracer concentrations are uniform in both the air and water in 
the injection subchannel.
In the entrance of the mixing region velocity phase and tracer 
concentrations redistribution takes place. There is a contribution 
to the liquid mixing rates from the water film on the subchannel 
dividing strip which would make the reported water mixing rates 
greater than those which would actually exist in a rod-bundle type 
geometry. For the single phase air and water results the contribution 
of entrance effects had been minimized after 57 equivalent diameters. 
This was not true under two-phase flow conditions.
The development of the tracer concentration profiles in both 
the water film and entrained water droplets must take place;
Cousins and Hewitt (36) have shown that more than 125 are 
required before complete mixing is obtained of dye in the film for 
peripheral injection of dyestuff in a 1-1/lt in. tube. This effect 
is believed to be ever more critical for the test section geometry 
employed here, where water tends to collect in the corners of the 
subchannel. Both of the above effects should decrease under those 
conditions favoring high entrainment rates.
Air mixing rates followed the same pattern as that for water.
Here the presence of the entrained water in the gas core is believed
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to retard the formation of both tracer and phase distribution so 
that entrance effects are still appreciable after more than 57 
equivalent diameters.
These entrance effects discussed here do not invalidate any 
of the conclusions drawn previously. Their effect is to make the 
reported mixing rates higher than those which would be measured 
under fully developed flow conditions.
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VII CONCLUSIONS
Turbulent mixing rates between two adjacent triangular sub­
channels have been measured for single phase air, single phase 
water, and two-phase air-water flows. Summarized here are the 
main conclusions of this study:
A . Single Phase Air and Water Flows
(1) Entrance effects were not significant for either of the 
two mixing slots.
(2) The single phase mixing data were correlated by the use 
of an equivalent Stanton number, Ng^. On a plot of Ng^ versus 
N^^, the air and water data overlapped to form a continuous curve.
(3) St. Pierre's model gave the best prediction of single phase 
mixing with a (standard deviation) of .0017^6. However, none
of the existing correlations adequately predict single phase 
mixing for all the various subchannels arrays. .
{h) The single phase air friction factor was correlated in the
•• 28
form f = ' , The theoretical prediction for f
by Deissler and Taylor (33) was 18.7% higher than the experimental 
results.
B . Two-Phase Air-Water Flow
(1) Two-phase percentage mixing for air and water increased 
with decreasing mass flux and quality. The highest mixing rates 
were observed in a region of low quality and low mass flux.
61».
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The high mixing rates experienced in this region are thought 
to be caused by the pulsing action of liquid bridges passing 
up the subchannels and by high amplitude roll waves.
(2) At a fixed W or W the percentage mixing for air and water
S . X.
was always greater for two-phase flow than for single phase flow 
over the range of variables compared. The greatest increase in 
percentage mixing occurred in the slug-annular transition region.
(3) Liquid film resistance to air interchange between subchannels 
in the mixing slot is small compared to the increased turbulent 
eddy transport in two-phase flow.
(It) The Owens homogeneous model was found to predict two-phase 
pressure drop better than the Martinelli-Lockhart model. It is 
believed that the better agreement of the homogeneous model is 
a result of the high degree of entrainraent in the two-phase flow 
system which more closely approximated a homogeneous flow.
(5) Single phase water results indicate that surface 
effects are important and may affect two-phase flow stability.
(6) Tv;o-phase entrance effects are still significant after 57 
equivalent diameters.
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NOMENCLATURE
Dimensions are given in terms of force (F), energy (K), length 
(L), mass (M), temperature (T) and time (6).
A subchannel cross sectional area
b slot width
0 concentration of tracer
Cp heat capacity
d rod diameter
D molecular diffusivity
equivalent diameter 
f Fanning friction factor
Fm empirical mixing factor to account for turbulence
promoters
g acceleration due to gravity
G subchannel mass flux
h heat transfer coefficient
j* dimensionless velocity
k thermal conductivity
k' mass transfer coefficient
Kg dimensionless constant
dimensionless constant
L slot length
ra dimensionless constant
n dimensionless constant
L
L
M/L^
H/MT
lf/8
L/0
M/L^ e
H/L^T0
H/LT6
L/0
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N_. Nusselt numberNu
N Peclet numberre
N Prandtl numberPr
Npe Reynolds number
Schmidt numberSc
^Sh Sherwood number
Stanton number
p distance between rod centres (pitch) L
p
P pressure F/L
Re equivalent radius L
Sra slot shape factor
T temperature T
W mass flow rate M/0
X quality
Ay intersubchannel mixing distance L
Z mixing distance between subchannels L
Greek S^ onbols
a dimensionless constant
y viscosity M/L0
p density M/L^
p
e turbulent diffusivity L'/0
rp inverse of Peclet number
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Subscripts
g gas
H heat
i subchannel
J subchannel
£ liquid
M momentum
Superscripts
t turbulent property
* dimensionless quantity
average quantity
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ANALYSIS OF DATA OF HETSRONI ET AL
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APPENDIX I 
Analysis of Data of Hetsroni et al (21)
Hetsroni et al analyzed their data in terms of an eddy diffusivity 
defined as
w*
=3 = IF (I-l>
Their work has been reanalyzed here in terms of an equivalent 
Stanton number, Ng^ to allow a direct comparison with the results 
obtained in this work.
For the purpose of calculating the equivalent Stanton number, 
the following assumptions are made;
(1) The heat is transferred to the cold channel only through the 
gap between the rods, and conduction through the rods is negligible.
(2) With equal flow rates at the inlet to the channels, the rates 
of turbulent interchange are constant in the dovmstream direction.
(3) The density and specific heat of water are constant.
With these assumptions an enthalpy balance for a differential 
length of the subchannels yields
= r  S  ' V ' c *  “  (1-2)
where the subscripts H and C denote hot and cold subchannels 
respectively.
An overall heat balance over the entire mixing length of the 
subchannels gives
'■^ Hi - ' «C - ^Ci> (1-3)
where the subscripts i and o denote flow in and out of the subchannels
73.
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respectively. Applying appropriate boundary conditions integration 
of Equation (1.2) gives
t T -T
The equivalent Stanton may now be defined as 
A
(1.4)
K in (•— - ^ )
8t 2bL 'TH,_Tco (1.5)
L = 40 in. 
b = 0.1 in. 
d = 0.4 in.
A = 0.308 sq. in. 
Dg = 0.0167 ft.
Table I.l
Analysis of Data of 
Hetsroni et al
?Hi
°F
^Ho
°F %Be
"st
xlO
139.3 129.0 69.8 80.4 39100 .2593
148.0 138.4 70.7 82.0 4l6oo .2288
120.2 113.7 67.0 73.5 32000 .2031
131.8 123.2 70.2 79.5 32800 .2492
132.4 124.5 70.7 79.3 31350 .2252
84.7 81.6 63.7 67.0 19300 .2463
102.2 97.7 65.3 69.8 23400 .2021
120.2 113.0 65.6 73.0 27600 .2256
148.5 137.3 65.6 73.0 34700 .1876
130.6 122.1 69.8 78.6 26900 .2424
153.6 143.6 71.0 81.6 30700 .2080
144.4 135.8 67.2 76.5 28100 .1941
155.4 144.6 68.9 78.2 30600 .1913
105.4 101.3 67.7 72.3 19900 .2209
116.6 110.3 67.0 73.4 22200 .2146
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APPENDIX II
CALCULATION OF ERROR DUE TO SOLUBILITY 
OF METHANE IN WATER
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APPENDIX II
Calculation of Error Due to Solubility of Methane in Water
This example uses actual data for the highest mass flux, the 
lowest quality and the longest slot, since this represents the case 
for the maximum error due to the solubility of methane. 
p(System Pressure) = 50 psia 
T(System Temperature) = 25°C 
Data: L = 1.5 ft
X  =  0.0990
G = 693,374 Ibm/hr.ft
%£ =
228.02 Ibm/hr.
39.368 Ibm/hr.ft
25.06 Ibm/hr.
w t = 
g
4.805 Ibm/hr.ft
Exit concentrations of methane in air
injection side 5-533^ by volume
non-injection side 1.549%
H (Henry's Law Constant (30)) = 4.13x10^ — -—  r•' mole fraction of
solute in solution
A methane balance on the exit streams yields.
25.06
Moles methane in air = (.C5533+.01549) x
= 6.12 X 10
29
-2 moles
hr.
76.
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Moles methane in water = % _50_ % ZPGUIZ
4.13x10 14.7 18
= 7.39 X 10"^ 2£les 
nr.
Total moles methane injected = 6.12739 x 10“^
The number of moles dissolved in the water on the injection side
—2before the slot is calculated assuming a concentration of 6.12 x 10 
moles .
“T  in the air,nr.
Methane dissolved = ll?f 2^06 == K l H ô * -  '
= 7.39 X 10"5 B2l±s nr.
The dissolved methane and that available in the air are summed to 
give the number of moles injected. Hence the number of moles of 
methane transferred by the water passing from the injection side 
to the non-injection side by turbulent mixing through the slot are 
calculated.
Methane transferred in water = '^^228^'6^'*^  ^ 7.39 x 10“^
. 1.916 X 10-5
hr.
Methane in voter at exit = i f ^  ^  ^ '* t^i~3 ^
= 1.618 X 10-5 agiM 
hr.
Since the number of moles transferred in the water is in excess of 
that dissolved in water at the exit the difference must come out of 
solution into the air.
Methane coming out of solution = (I.916-I.618) x 10 ^
,-6 moles= 2.98 X 10 hr.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
78.
The corrected methane flow rate for turbulent transfer of air may 
now be calculated.
Methane in air at exit = .0159 X 25.06
29
Corrected methane in air at exit
=1.348 X 10"^ -g—  
hr.
=1.348 X 10"2 - 2.98 X 10“^ 
%1.3477 X 10"2
The percentage error in the methane concentration measured at the 
exit of the non-injection side is calculated.
% error 2.98x10
-6
.-2 X  1001.3477x10 
= 0.0221
The corrected methane flow rate for the injection side exit is 
determined as :
Methane in solution at exit _ 50 ^ 228.02 ^ .05533
Methane in solution before slot
Methane lost by mixing
Methane which must be dissolved 
to obtain exit 
flow rate
Methane in exit air
14.7
5.77 X 10 
7.39 X 10
18 4.13x10
-5 moles 
hr.
-5 moles 
hr.
1.916 X 10-5 Eges 
(5.TT-T.39+I.916) X 10-5
-5 moles
=  1.29 X  10 
=  .05533 X
= 4.77 X 10
hr.
25.06
29
-2 moles 
hr.
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In order to correct the methane flow rate in the injection side 
exit air stream, add the amount dissolved because of the turbulent 
transfer of water at the slot.
Corrected methane flow rate = 4-77 x 10 ^ + 1.29 x 10*"^
= 4.77129 X lO"^ Sg— -
hr.
The percentage error in the methane flow rate for the exit stream 
may now be calculated:
% error =..A-.^^xlO ^ poo
4.77129x10
= .02705
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APPENDIX III 
SINGLE PHASE MIXING DATA
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APPENDIX I I I
Single Phase Mixing Data
The run number was recorded in a five digit code. The first 
two numerical digits on the left represent the run. The third 
digit is alphabetic and gives the tracer injection side i.e. right 
(R) or left (L). The right two digits give the mixing slot 
length in inches.
Example
Run number: 25 R l8
run 25 -----------------
tracer injection right- 
18 inch slot ---------
81.
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APPENDIX V
Two-Phase Mixing Data
The run number was recorded in a five digit code. The 
first two numerical digits on the left represent the run. The 
third digit is alphabetic and gives the tracer injection side 
i.e. right (r ) or left (L). The right two digits give the mixing 
slot length in inches.
Example
Run number: 25 R l8
run 25  ----------------—
tracer injection right- 
18 inch slot  ---------
88.
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APPENDIX VI 
COMPARISON OF TWO-PHASE THEORETICAL 
PRESSURE DROP MODELS WITH EXPERIMENTAL DATA
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APPENDIX VI
Comparison of Theoretical Pressure Drop Models vith Experimental Data 
Run_ Hum'ber
The run numbers for tracer injection left (L) and right (R) 
have been combined here into a nine digit code. From left to 
right, digits 1, 2, 5 and 6 represent the run, digits 3 and 7 
represent the injection sides and digits 8 and 9 indicate the 
slot length in inches.
Example
Run number: 25 L &25 R 09
run
injection side- 
slot length---
Regime Code 
V - viscous flow 
T - turbulent flow
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T a b l e  V î . l .  t n o  p h a s e  t h p ^ u l s n v  - r r x r ^ c ;
TOTAL OH.ll.I ' i 'Y 27 IF  .19 2 “ IX IS '1 01825:3 lO N lE S S 92K.5SURE DROP
PUK P,35S PLIIX (IF 5ATF ( i n / l i : ! .  ?T) • / F t . n o T v i j s ( P S r / F T ) REG
VTHillKR ( I P / ' . I P . F T I ) STRPAII AIR RAT 88 JO * .11* OBSERVED OHSNS . lA P T I H E L l r CO
o u r . o n o ? 2 B 9380 0 .7 3 0 5 5 . 7 2 5 2 .  605 2 2 . 7 2 0 . 5 3 5 . 2 5 3 . 5 8 5 . 9 6 2
02Lf .n  2KCi9 209 315 0 . 7 1 9 7 9 . 7 3 3 9 . 0 5 9 2 2 . 9 5 0 .5 6 5 . 1 0 3 .6 0 5 . 9 2 2
0 3 1 9 0  3RU9 3t.9i117 0 .5 5 6 9 5 .5 9 2 7 . 0 2 2 2 2 .  19 1 .1 3 5 . 7 3 9 . 9 8 5 . 7 1 2
0 'ILK 0119 09 5 29 2 8 5 0 .  3102 7 , 7 3 3 2 6 . 5 9 9 2 1 . 0 5 2 . 9 8 7 . 3 6 7. 39 1 0 . 7 2 9
OSLKOOSOO 557 9 9 0 O .26 9 0 3. 190 1 9 .2 0 1 1 6 .  17 2 . 6 0 6 . 9 0 5 . 2 8 7 . 9 9 9
OOLr.Of S09 2 29 5 3 0 0 . 7 3 2 0 5 .  306 2 . 5 0 6 1 8 .  19 0 . 9 7 3 . 9 0 2 . 3 6 3 .6 9 2
0 7L r .07 î i0 9 3.39097 0.5(102 9 .  923 5 .  112 2 0 . 5 2 0 .9 5 9 . 9 2 3 . 7 9 5 . 0 0 2
OSLKOiJPOO 3200 08 0 . 5 6 3 2 2 .7 9 0 7 . 5 5 3 1 9 . 9 7 0 .9 6 9 . 9 2 3 .  99 9 . 5 6 2
COLPQOPOO 5273 55 0 .3 3 3 3 3 .  329 1 9 . 2 3 2 1 8 . 9 5 2 . 9 2 6.2 .2 5 .6 9 5 . 2 6 2
101.010 ’ OO 10,0901 0 . 7 2 1 5  ' 3 .  807 1 .8 0 7 1 2 . 5 2 0 .3 1 1 . 5 0 1 . 2 3 1 .9 8 2
I I L O I I P O I 1 595G5 0 . 7 1 6 9 5 . 7 7 3 2 . 2 5 5 11. 99 0 . 3 0 1 .9 0 1. 19 1 .8 9 2
121.0 1 ’ POO 312907 0 . 3 7 0 1 . 9 . 7 8 9 1 1 . 8 2 8 1 2 . 9 8 1 .3 5 1 .9 6 2 .  39 2 . 6 3 2
1JL0  1 3Pl>9 506959 0 .2 1 8 3 6 . 9 9 8 5 6 . 9 6 3 1 1 . 9 3 . 2 . 7 2 9 . 2 6 3 .8 1 5 .  15 9
101.01 UR 09 5 02 3 7 6 0 .2 1 8 8 1». 196 2 2 . 8 2 8 1 1 . 8 5 2 . 7 0 9 . 3 0 3 .7 2 5 . 0 6 9
151.0 19009 50 09(19 0 . 2 1 5 8 ?.. 657 2 7 . 8 9 5 11. 65 2 . 7 0 9 . 9 0 3 .  63 9 . 9 9 9
101.016009 7.35907 0 .1 5 0 5 7 .  17 1 3 9 . 9 3 6 1 1 . 9 9 9 . 2 9 6 . 2 5 5 . 5 8 6 . 9 9 9
171.0170 0° 19 39 99 0 .9 9 9 0 3 . 7 2 3 5 .  665 7 .6 9 0 . 5 0 0 . 6 0 0 . 7 5 1 . 0 8 2
191.01 PRO 9 2196  99 0 . 3 2 2 8 3 .  137 1 3 . 0 1 5 7 . 9 7 1 .0 0 0 . 9 8 1 .  11 1 . 2 7 2
19L019RÜ9 3 3 « 7 7 0 0 . 2 0 3 0 7 . 9 0  1 1 1 . 6 9 6 7 .  92 1 .8 5 2 . 0 0 1 .7 9 1 .5 9 2
2 0 L O ? 0 r0 9 3 12 0 5 7 0 . 2 2 5 9 6 . 9 1 7 1 9 . 6 8 5 7 . 6 0 1 .6 6 1 .9 0 1 .6 3 1 . 5 3 2
21LO21P09 332109 0 .2 1 5 0 6. 577 2 9 .  I l l 7 . 7 9 1 .7 9 2 .  16 1 .7 6 1 .5 7 2
22LO 22909 67.3992 0 .  1028 9 . 9  19 5 5 . 5 3 8 7 . 9 7 9 .  15 3 . 8 0 3 .  55 9 . 2 2 9
2 31.0 2.10 09 6 99 9 1 6 0 .1 0 1 0 6 .  6 35 5 2 . 5 0 6 7 . 5 7 9 .2 9 9 . 0 0 3 . 6 9 9 . 9 0 9
2U:,0 2I1009 7 07 1 7 3 0 . 0 9 9  1 9 . 9 8  1 5 1 . 6 7 1 7 . 5 5 9 .3 6 3 . 9 0 3 .7 6 9 . 9 7 9
251.02 5009 101)9(16 0 .5 1 5 3 3 . 2 1 8 3 .6 7 1 5 .  58 0 . 3 3 0 . 9 2 0 . 9 1 0 . 6 6 2
2 f  I . f i 2 6 ° 0 9 100906 0 . 5 1 5 3 .1. 381 3 . 2 8 2 5.5(1 0 .  33 0 . 9 2 0 .9 1 0 . 6 6 2
27I .O27P09 2 22 5 3 7 0 .2 2 6 9 . 1 .1 6 5 2 0 . 6 0 5 . 5 . 9 9 1. 16 0 ,  62 0 . 8 9 0 . 9 5 2
201.020909 2 36 3 1 9 0 .2 1 9 8 .3. 987 1 9 .  589 5 .  97 1 .2 7 C .09 0 .9 6 0 . 9 8 2
291.029309 2 92 9 7 8 0 .2 1 1 8 2 .5 9 9 2 0 . 6 1 7 5 .5 9 1 .3 1 1 .1 2 0 .  99 1 .0 1 2
10L03C009 512H07 0 .1 0 1 2 8 .  520 5 1 . 6 3 9 5 .  60 3 . 1 7 1 .  16 2 .  17 2 . 6 0 9
311.0 31009 5 29 9 0 9 0 . 1 0 0 0 3 .9 5 5 9 5 . 8 8 9 5 .7 1 3 .2 7 3 .9 6 2 . 2 5 2 . 7 2 9
32L032.309 9 9 9 9 5 0 .3 1 3 9 2 .8 9 1 8 . 2 3 9 3 .  16 0 . 9 7 0 . 9 0 0 . 2 8 0 . 9 3 2
331.033.109 199639 0 . 1 5 7 2 2 .6 0 0 2 3. 289 3 . 3 0 1 .1 1 0 . 6 0 0 . 5 5 0 . 5 9 2
39 I .039R 09 2 86 3 0 0 0 .  1072 6 . 0 0 0 3 3 . 9 1 1 3.31 1 .7 6 1 . 0 0 0 .  81 0 : 7 1 2
3 51.0 3 5 9.19 7 2 5 0 9 0 . 3 1 5 5 1. 565 1 8 . 1 2 8 2 . 9  7 0 .3 9 0 . 2 0 0 .  16 0 . 3 0 2
I ' .LO  30309 167 055 0 . 1 2 9 7 5 .0 9 1 2 6 . 0 1 5 ?.. 39 1 .0 0 0 . 6 0 0 . 3 7 0 . 9 9 2
371.0 37309 2 05939 0 . 1 1 0 5 6 . 0 1 5 2 ° .  199 2 . 9 5 1 .2 6 0 .8 0 0 - 9 7 0 . 5 0 2
301.03.9009 9 00595 0 .2 0  93 7 .7 5 7 2 7 . 9 3 2 8 .  82 2 . 1 9 2 . 7 7 2 . 3 3 1 . 9 8 2
3 9L 0 3 9 n 0 9 9 00 5 9 5 0 .2 0 9 3 8 .8 2 9 2 6 . 0 6 7 8 . 8 2 2 .  19 2 . 7 7 2. 33 1 .9 8 2
<i 0LC' i ù r 09 2B95H7 0 . 2 1 5 3 6 .5 7 9 2 9 . 0 9 3 6 . 6 1 1 . 5 3 1 .6 2 1 .3 3 1 . 2 8 2
9 1 1 0 9 1 3 0 ) 995 3 7 5 0 . 2 1 0 6 5 . 2 2 5 2 6 . 8 3 1 1 0 . 1 1 2 . 9 2 3 . 5 0 2 . 8 9 2 . 9 0 2
"21 .0 9 2 20 9 9 95 3 7 5 0 .2 1 0 6 5 .  320 2 6 . 5 9 1 10 .  1 1 7 . 9 2 3 .5 0 2 . 8 9 2 . 9 0 2
9 3109 3n09 176392 0 .2 9 9 3 6 . 1 3 1 1 6 . 1 8 6 9 . 6 9 0 . 9 2 0 . 0 0 0 . 6 3 0 . 7 9 2
9 0 1 5 9 9 2 0 ' ’ 17 63 92 0 .2 9 9 3 5 .8 3 3 1 5 . 6 0 2 9 .  69 0 . 9 2 0 . 8 0 0 . 6 3 0 . 7 9 2
9 5 1 0 9 5R 0 9 .509309 0 .1 0 0 2 5 . 7 0 6 0 . 0 7 . 5 0 9 . 2 9 9 . 0 0 3 .6 3 9 . 3 9 9
9 6 L 0 9 6P 0 9 659 3 0 9 0 .1 0 0  2 5 .9 2 9 0 . 0 7 . 5 0 9 . 2 9 9 . 0 0 ■ 3 . 6 3 9 . 3 9 9
9 71 0 9 7°0 < ’ 511 6  39 0 .0 9 9 0 7.(397 0 . 0 5 . 9 6 3 . 1 7 2 . 2 0 2. 10 2 . 5 9 9
9 91091 'p09 
9 EG 191: CODE
511 6 3 9 0 .0 9 9 P 8 .5 5 6 0 . 0 5 .  96 3 . 1 7 2 . 2 0 2 .  10 2 . 5 9 9
1 A in-V,WATKn-V
2 A rr-T, r'ATEP-V 
1 A TP - v , w aT * P- T  
H ATFP-T
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T O TM 0 0 A 1 I 7 Ï AVKRACP r iK lN c : nrflEAS30,\ ' lE.95 PRESSOR? PROP
R1!N Ü.1S.9 Pt 9 3 0? PAT? (111/ IIP. FT) VELOCITIES ( P S I / F T ) b e g :
N'.'KPE? ( i n / i I R . K ï J ) ' STREAM AIH KATES JO* J l * OBSERVED OKENS KAETINËLL1 COI
2 92 9 9 5 (1 .7169 9 . 0 5  8 1 .5 9 8 2 2 . 6 1 0 .5 7 9 .9 9 3 .6 0 5 . 9 5 2
0 2LKÛ2P18 170916 0 . 5 5 7 1 2.6 19 9 .1 1 1 2 2 . 2 5 1 .1 3 5 . 6 0 9 .5 1 5 . 8 0 • 2
03I.P.03S1P 3701.11 0 . 5 5 7 9 3 .9 0 1 9 .9 5 7 2 2 . 2 7 1 . 1 3 5 .9 9 9 .5 1 5 .8 1 2
o u i . r . n u r . iB 172237 0 .5 5 9 3 2 .5 5 3 9 .  181 2 2 . 9 5 1 .  13 5 . 9 0 9 .5 9 5 . 8 2 2
051.505° 18 3722.17 0 . 5 5 9 3 2 .2 5 9 9 .  183 2 2 . 9 5 1 .1 3 5 .9 0 9 .5 9 5 . 8 2 2
o6: .f.o (.01,11 2101.29 0 . 7 1 9 9 3 .9 8 9 2 .9 6 1 1 6 .9 6 o : 9 2 2 .8 0 2 .  13 3 .  31 2
07I .507P18 2 17190 0 .7 1 7 6 9 . 2 9 6 1 .6 9 2 1 6 . 8 0 0 . 9 2 2. 80 2.  12 3 .2 8 2
08L00PP1A 22Ô059 0 .7 2 1 3 5 . 2 9 0 1 .6 8 3 1 7 .1 1 0 . 9 2 2.86 2.  12 3 .3 1 2
ooLP.oon i f l 2189 5.1 0 . 7 1 9 2 1 0 .1 1 7 1 . 5 1 3 16. 99 0 . 9 2 2 - «9 2 .  09 3 .2 6 2
lOLP.IORIrt 2189 53 0 .  7192 1 0 . 1 3 7 1 .5 1 9 1 6 .9 9 0 . 9 2 2 .8 9 2 .0 9 3- 26 2
11L511P1R 5131 03 0 .3 1 9 9 2 .3 0 9 1 0 . 1 7 9 1 7 . 9 2 2 . 9 2 5 .8 0 5 . 1 0 9 . 7 5 2
1 2 1 5 1 2 1 1 8 199990 0 .7 0 7 7 9 .  289 2 . 6 9 0 1 1 .9 9 0 . 3 0 1 .  36 1 .0 6 1 .7 1 2
13L.5 13R18 199995. 0 . 7 0 7 7 3 . 9 7 3 2 .3 3 9 1 1 .9 9 0 .  30 1 .2 8 1 .0 6 1 . 7 0 2
191.519:118 150 076 0 .7 0 7 9 9 . 0 0 8 1 .7 9 2 1 1 .9 6 0 . 3  0 1 .2 8 1 .0 9 1 .7 1 2
151 5 1 5 0 1 5 309277 0 .  3529 3 .0 9 6 1 1 . 0 8 3 1 1 .  56 1 .3 5 2 .9 0 2 .  17 2 . 3 8 2
16T,51fiRin 309277 0 . 1 5 2 9 3 .9  57 8 . 9 3 5 1 1 .5 6 1 .7 5 2 .8 0 2. 17 2 . 3 9 2
17L517P1.5 50002? 0 .2 1 5 1 3 .9 1 9 1 7 .1 1 2 1 1 . 6 0 2 . 7 0 9 .  12 3 . 6 0 2 . 9 3 2
1 P L518115 692595 0 . 1 5 7 0 3 .9 9 9 2 7 . 9 7 2 1 1 . 7 3 9 .0 1 5 .0 6 5 .0 6 6 . 9 9 9
191.5 1 ° 3 18 191 1 7 7 0 .9 8 6 6 2 . 7 2 7 9 .3 3 1 7.'92 0 .5 0 0.86 0 . 7 1 1 . 0 9 2
201520P1H 192093 0 . 9 8 9 2 1 .7 3 9 3 . 7 6 5 7 . 5 0 0 . 5 0 0 . 8 2 0 . 7 2 1 .0 9 2
211521R1B 192093 0 . 9 9 4 2 3 .7 3 9 .1 .706 7 . 5 0 0 . 5 0 0 . 8 2 0.  72 1 . 0 9 2
221.522719 2 19 9 9 6 0 .3 1 9 9 1.112 1 1 .7 9 9 7 . 9 7 1 .0 9 1 .2 6 1.  12 1 .2 9 2
2 3 1 5 2 3 5 1 0 220 2 7 6 0.310(1 9 .1 6 1 9 . 7 1 8 7 . 5 0 1 .0 9 1.20 1.  11 1 . 2 9 2
2 9 1 6 2 9P 1 8 220276 0 . 3 1 6 0 9 .1 6 1 9 . 9 6 1 7 . 5 0 1 .0 9 1.  20 1.  11 1 .2 9 2
2 51 5 2 f .? 1 0 328 5 3 4 0 .2 0 7 5 3 .3 0 6 2 3 . 7 7 5 7 .  35 1 .7 9 1.00 1. 66 1 .5 2 2
2 5 1 5 2 6 9 1 9 3 28869 0 .  2083 9 . 9 2 3 1 4 . 6 3 6 7 . 3 4 1 .7 9 1 .8 0 1 .6 5 1 .5 1 2
2715271110 3 20859 0 .2 0 8 3 9 . 9 2 3 1 7 . 9 7 2 7 .  .39 1 .7 9 1 .8 0 1 . 6 5 1 .5 1 2
2P1529P1P 329473 0 . 2 1 0 9 9 . 9 9 1 1 a . 390 7.51) 1 .7 9 1 . 9 0 1.66 1 .5 5 2
2 91 5 2 9 ! !  19 693179 0 . 0 9 9 0 9 . 6 5 6 3 8 . 7 2 9 7 . 9 0 9 . 2 9 3 .  90 3 . 6 5 9 . 3 0 9
301F 301:10 1.93179 0 .  0990 9 .3 2 0 3 7 . 3 1 9 7 . 9 0 9 . 2 4 3 . 9 0 3. 65 9 .  30 9
3115311.10 4 0627 0 . 5 0 6 2 2 .1 9 4 2 . 2 5 7 5 . 1 8 0 . 3 3 0 . 9 0 0 . 9 0 0 . 6 9 2
.3215 3 2510 99920 0 . 5 1 0 2 2 : 7 6 4 2 . 9 6 7 5 . 9 7 0 . 1 3 0 . 9 0 0. 39 0 . 6 9 2
.331533010 2.22159 0 . 2 2 5 6 3 . 6 5 9 1 3 .3 2  3 5 . 9  0 1 .1 8 0 . 9 8 0 .  84 0 . 9 5 2
.1915 39 5113 5 07999 0 .0 9 9 2 9 . 6 2 5 3,1 .87 3 5.9.3 3 .  19 1.88 2 . 0 8 2 .5 1 9
3 515,35? 19 512 7 4 0 0.1010 9 . 6 6 3 3 5 . 0 2 8 5 . 5 9 3 . 1 7 2.00 2. 17 2 .6 1 9
3 6 1 5 3 5 ? 1 0 9CS96 0 . 3 0 9 2 2 . 3 2 0 5 . 9 0 2 3 .  30 0 .9 '7 0 . 3 0 0 .  27 0 . 9 2 2
3715  17.910 151791 0 .7  906 3 . 2 5 6 1 2 .  107 3 .  28 0 . 8 3 0. 60 0 .  9 3 0 . 5 3 2
3 0 1 5 1 9P 1 9 286329 0 . 1 0 7 3 5 .  198 2 3. 975 3 .  31 1. 76 0 . 9 0 0.  82 0 . 7 2 2
3 9 1 6 3 9 ? 1 0 68136 0 . 2 4 5 2 .1 .008 8.  37 2 2. 10 0 . 3 3 0 .  30 0 .  19 0 . 2 6 2
9 0 1 5 9 0 3 1 0 168515 0 . 1 1 9 9 1 .9 8 2 1 4 . 9 0 0 2 . 0 9 1. 0 ? 0 . 9 0 0 .  35 0 . 9 2 2
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